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Abstract
In situ high- and low-temperature unpolarized FTIR absorption spectra of hydrous components in
natural Fe-rich rutile have been recorded using a FTIR600 heating and cooling stage attached to an IR
microscope. Two absorption bands (3279 and 3297 cm–1) at room temperature are ascribed to fundamental stretching bands of OH. Both OH bands shift to lower wavenumbers at elevated temperatures,
but with different amplitudes. With increasing temperature, the integral absorbance of the 3279 cm–1
band increases while the integral absorbance of the 3297 cm–1 band decreases. These changes are fully
reversible. The different frequency shifts of the two IR absorption bands with temperature imply two
different local chemical environments of H defects. Based on the chemical composition of the rutile
and the electronegativity of impurity ions, the results of the in situ high- and low-temperature FTIR
measurements support the band assignment of Bromiley and Hilairet (2005): the 3279 and 3297 cm–1
bands are due to interstitial H decoupled from any substitutional defects, and H coupled to Fe3+ on
+
4+
the neighboring octahedral (Ti) site (Fe3+
Ti + H i ↔ Ti Ti), respectively. Variations in integral absorbance
of the two bands suggest the transformation between decoupled H defects and coupled H defects as
a function of temperature, possible due to some statistical relationship between the proportions of
coupled and decoupled interstitial H dependent on the amount of heat energy applied to the system.
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Introduction
Although there are many FTIR analyses on structural water
(structurally incorporated protons or OH groups) in nominally
anhydrous minerals (NAMs), they were mainly performed at
room temperature. The hydrous components in minerals are
mobile, so their speciation, physicochemical properties and sites
in host crystal structures may vary with temperature. Therefore,
it is important to explore the variation of hydrous components in
NAMs at different temperatures. Only a limited number of studies have considered the behavior of water in NAMs at varying
temperatures: Yamagishi et al. (1997) elucidated the nature of
water in hydrous microcrystalline quartz at high temperatures
(50–700 °C) and studied their dehydration behavior; Suzuki
and Nakashima (1999) investigated the nature of OH in natural
quartz over the temperature range –185 to 1000 °C; Bromiley
and Keppler (2004) observed OH behavior in synthetic jadeite at
different temperatures; Zhang et al. (2007) reported temperature
dependences of IR fundamental, combination, and overtone
vibrations of OH in titanite; and Yang et al. (2010) investigated
IR absorption of OH in augite and omphacite at elevated temperatures up to 500 °C.
Rutile (TiO2) is a common accessory mineral in igneous
and metamorphic rocks and is also one of the main accessory
minerals in ultrahigh-pressure eclogite formed during continental
deep subduction, thus the water in rutile constitutes a part of
water circulation in deep earth (Xia 2005). Rutile is a useful
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lower pressure analog for stishovite, which may well also be an
important H-bearing mineral in deeply subducted oceanic crust
(and sediments). Previous FTIR investigations have shown that
rutile is one of the most H-rich NAMs, occurring as hydroxyl in
its mineral structure (Rossman and Smyth 1990; Hammer and
Beran 1991; Vlassopoulos et al. 1993). The charge compensation
of Ti4+ substituted by lower valence cation impurities is one of the
most important origins of H incorporation in rutile (Swope and
Smyth 1995). TiO2 is very important as a catalyst and is widely
used in solar cell technologies. A lot of work revealed also the
abnormal behavior of oxygen diffusion in rutile in connection
with applied research (Orman and Crispin 2010).
The rutile structure is relatively simple: O atoms are pseudohexagonally closed-packed; they are placed in the center of
triangle plane with corners composed by Ti4+, while Ti4+ is in
octahedral sites. The [TiO6] octahedra share edges along the
c direction and form octahedral chains, which are connected
through shared corners. Natural rutiles also contain impurities
of pentavalent cations (Nb5+, Ta5+), tetravalent cations (Zr4+), or
trivalent cations (e.g., Fe3+, Cr3+, Al3+). In addition to the regular
octahedral Ti4+ site, rutile also contains a more distorted octahedral interstitial site. For example, the presence of mixed valence
Ti on adjacent Ti and interstitial sites has been suggested as a
cause of the intense optical absorption due to the intervalence
charge transfer between Ti3+ and Ti4+ in synthetic, reduced rutile
(Khomenko et al. 1998).
In this paper, we carry out in situ high- and low-temperature
FTIR experiments on natural rutile to explore the behavior of
H at varying temperatures and understand the origin of H in
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